S
pinal cord injury (SCI) results in profound deficits in sensorimotor function, which can contribute to the loss of functional mobility. Following motor incomplete spinal cord injury (iSCI), indicating partial sparing of descending motor pathways, recovery of walking is reported as a primary goal of rehabilitation. 1,2 Consistent with principles of motor learning 3 and experience-dependent neural plasticity, 4 the amount and specificity of practice are thought to be important parameters of exercise interventions to optimize locomotor recovery following neurological injury. [5] [6] [7] Specific data from animal models and humans with SCI indicate that large amounts of stepping practice can elicit significant improvements in gait speed, endurance, and independence. 8 -13 Additional training parameters have been suggested to influence motor recovery after neurologic injury. 6,7 Specifically, emerging evidence suggests that intensity of locomotor practice also may be a critical parameter to improve locomotor function after neurologic injury. Locomotor intensity is defined here as rate of work (ie, workload) or power output, and it is commonly manipulated through alterations in walking speeds and measured indirectly through cardiovascular (heart rate) or metabolic (oxygen consumption) measures. Specific studies in patients poststroke have demonstrated greater improvements in locomotor performance following training at faster versus slower speeds. 14, 15 In addition, more recent meta-analyses suggest that locomotor training at high cardiovascular intensities is both safe and effective in people poststroke, with significant improvements in walking speed and endurance. 16 -18 Improvements in locomotor function with high-intensity training may be due to adaptations in cardiopulmonary fitness and peak metabolic capacity 19 and related to plasticity of the neuromuscular system. 20 -22 Particularly, studies in both humans and animal models have demonstrated a positive relationship between locomotor exercise intensity and the expression of neurotrophins, or neural growth factors, [23] [24] [25] [26] which can promote motor recovery following SCI. [27] [28] [29] [30] [31] [32] However, data supporting the benefits of exercise intensity in patients with iSCI are lacking.
A potential barrier of performing highintensity locomotor training with patients with iSCI or other upper motoneuron disorders is the longstanding belief [33] [34] [35] that such training can exaggerate spastic motor behaviors. For example, a study in individuals poststroke demonstrated an increased magnitude of spastic motor behaviors and altered movement patterns in the affected upper extremity (ie, elbow and finger flexion) with increases in locomotor intensity (ie, speed). 36 Such behaviors are traditionally minimized during clinical practice, and high-intensity training is discouraged, in part, due to concerns of reinforcing abnormal movement patterns or inducing maladaptive neuroplastic changes. 4 However, the effect of increasing locomotor intensity on gait quality, particularly measures of joint kinematics and muscle timing, is not clear. A single case study has demonstrated increased spastic motor behavior at higher walking speeds in an individual with SCI. 37 Whether such behavior leads to abnormal gait kinematics or reinforces poor kinematic patterns and altered muscle activity with high-intensity training is uncertain, as no studies have attempted to quantify these effects. Rather, previous data from animal models of SCI suggest that practice of unconstrained locomotor tasks may lead to improved and more consistent locomotor kinematics. 38, 39 The goal of this study was to evaluate the effects of short-and long-term exposure to high-intensity walking in people with incomplete SCI on key measures of gait performance, including measures of function (speed) and quality (kinematics). Based on available evidence, our hypothesis was that gait quality in people with incomplete SCI would degrade at higher walking speeds and intensity, yet improve with repeated high-intensity locomotor practice.
Method
The present study details 2 separate experiments designed to delineate the effects of short-term and repeated exposure to high-intensity stepping exercise on lower extremity kinematics and muscle activity patterns during walking. Nineteen individuals with iSCI participated in an evaluation of the effects of changes in locomotor exercise intensity on gait kinematics and muscle activity and timing within a single session. In 9 of these individuals, gait kinematics and muscle timing were evaluated following a 12-week, high-intensity locomotor training paradigm. Inclusion criteria for participation were history of chronic iSCI (Ͼ1 year) with anatomical lesions at T10 or above, age between 18 and 75 years, and ability to walk without physical assistance at up to 0.3 m/s during a graded-intensity treadmill test, as described below. Exclusion criteria were concurrent illness that could limit walking performance, including unhealed decubiti; uncontrolled cardiopulmonary disease, including orthostatic hypotension and recurrent autonomic dysreflexia; active heterotopic ossification; and other peripheral or central neurologic injury. For evaluation of changes in locomotor function following training, additional exclusion criteria included concurrent physical therapist services or enrollment in a training study less than 3 months prior to the training initiation. All participants had received medical clearance and given written informed consent to participate.
Data Collection
Prior to initial locomotor testing, clinical measures of strength, spasticity, and overground walking ability were assessed by a licensed physical therapist to capture the participants' clinical characteristics. Lower extremity strength was assessed using the International Standards for Neurological Classification of Spinal Cord Injury lower extremity motor score. 40,41 Spastic motor activity was evaluated using the Spinal Cord Assessment Tool for Spastic Reflexes (SCATS) 42 and modified Ashworth scale testing of bilateral knee flexors and extensors with participants in a supine position. 43 Raw scores for the modified Ashworth scale were converted to an ordinal scale to allow for calculation of a composite score. 44 Spinal Cord Assessment Tool for Spastic Reflexes and modified Ashworth scale scores were summed within legs to obtain a composLocomotor Exercise Intensity With Incomplete SCI ite score for both measures. The Walking Index for Spinal Cord Injury II 45,46 was used to quantify overground walking ability through the use of braces, assistive devices, and therapist assistance for locomotion at self-selected speeds. Measurements of overground self-selected walking speed were collected over a 3.85-m instrumented walkway (GaitMat II, Equitest, Chalfont, Pennsylvania), with instructions to participants to walk at their normal, comfortable pace and with the average calculated over 2 trials.
Following clinical assessment, included individuals participated in a gradedintensity locomotor testing paradigm on a motorized treadmill. Participants were fitted with an overhead safety harness without weight support and instructed to walk on the treadmill at 0.1 m/s for 2 minutes, with 0.1-m/s increases in speed every 2 minutes until they required support from the safety harness to maintain an upright posture (determined by tension in the shoulder straps of the harness) or voluntarily terminated the test. To evaluate whether these changes in gait speed were an effective means of manipulating exercise intensity, participants were asked to report perceived intensity at each speed reached during this testing paradigm using the Rating of Perceived Exertion (RPE) scale. 47 During testing, lower extremity kinematic data (spatiotemporal and angular joint excursions) were collected with 32 spherical reflective markers affixed to the participants' lower extremities using a previously described modified Cleveland Clinic marker set. 48 Data were sampled at 100 Hz with a 6-camera motion capture system (Motion Analysis Corp, Santa Rosa, California). Bilateral lower extremity electromyographic (EMG) activity was assessed with surface recordings from the rectus femoris, vastus lateralis, medial hamstring, tibialis anterior, medial gastrocnemius, and soleus muscles using a 32-channel dynamic EMG system (Noraxon Inc, Scottsdale, Arizona). Electromyographic data were sampled at 1,000 Hz and collected synchronously with kinematic data using Cortex software (Motion Analysis Corp). All data were collected in two 30-second intervals for a maximum collection interval of 1 minute at each speed. To allow accommodation to each speed, data collection was initiated 30 seconds after each speed increase. Data collected within this single testing session were used to assess the short-term effects of locomotor exercise intensity. To evaluate the effects of repeated exposure to high-intensity locomotor activity, the same data collection procedures were utilized posttraining in the relevant subset of participants (nϭ9) who were willing and able to participate in repeated locomotor training over 12 weeks.
Training Paradigm
For the 9 individuals who participated in high-intensity training, sessions were scheduled for 1 hour, 3 times per week for 12 weeks, with a goal of up to 45 minutes of high-intensity walking per session. Participants walked on a treadmill with the use of a harness and bodyweight support only as needed (up to 40% of body weight, depending on level of ability) to ensure continuous stepping at a high intensity. Limb swing assistance was provided by a single therapist and use of elastic bands attached to the front of the treadmill and to the knee, ankle, or both, with assistance of up to 5% body weight (evaluated in standing position) to allow for continued stepping. Locomotor training intensity was manipulated primarily by increases in treadmill speed to ensure that individuals worked at a high intensity. Exercise intensity during training sessions was monitored using the RPE scale, 47 with targeted intensities of greater than 14 during training. Measures of heart rate were not routinely used to assess training intensity, as cardiac responses are often blunted in this patient population compared with individuals with an intact central nervous system. 49 Blood pressures were monitored intermittently during rest breaks and kept below the American College of Sports Medicine thresholds for continuing exercise. 50
Data Analysis
The effects of increases in exercise intensity on gait kinematics and muscle activity were evaluated. Data collected during speeds closest to 33% and 67% of peak speed and at peak speeds were analyzed to evaluate the effects of low, moderate, and high levels of intensity, respectively, on measures of locomotor performance. In individuals who received highintensity training, data from peak speeds achieved at pretraining and posttraining evaluations were compared and indicated as comparisons at "fastest" speeds to assess the kinematic strategies utilized to achieve higher speeds. In addition, metrics were compared from baseline peak speed with the "matched" speed reached posttraining (termed "fastest matched"). This latter comparison was performed to minimize the confounding effect of gait speed on locomotor performance. Analysis of kinematic and EMG data collected during treadmill testing was performed with data collected from the more impaired limb, as determined by strength scores (or increased spasticity scores if strength was equal bilaterally). All measurements were calculated as an average over all step cycles taken within the relevant collection windows, as previously described. 51 For kinematic measures, a bilateral 6-degree of freedom model of each participant's lower limbs (pelvis, thighs, shanks, and feet) was created from the reflective marker data during static standing using Visual3D software (C-Motion Inc, Germantown, Maryland). This was done on each day of testing for participants who were tested before and after training. The generated model was applied to filtered marker data (low-pass, second-order recursive Butterworth filter, cutoff frequencyϭ10 Hz) collected during treadmill testing, and 3-dimensional joint positions and intersegmental angles were calculated from transformations between model segments.
Kinematic metrics were averaged across multiple normalized gait cycles (from heel-strike to heel-strike, defined by the maximum anterior position of the calcaneal marker) during the collection windows. A minimum of 10 full gait cycles were utilized for the majority of analyses. In 6 cases, however, participants had fewer than 10 step cycles (rangeϭ3-9) for analysis secondary to the low cadence values at slower walking speeds. In addition, data from 2 participants who wore bilateral ankle-foot orthoses are included in the analysis.
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Metrics of interest included stride length, cadence, and specific measures of sagittal-plane joint kinematics. Specific kinematic measures included total range of motion (ROM) and peak flexion and extension angles at the hip, knee, and ankle during swing and stance, respectively. Measures of step-to-step kinematic variability also were calculated at different intensities (speeds). For metrics with a true zero (cadence, stride length, and total joint ROM), the percent coefficient of variation (COVϭstandard deviation/ mean) was calculated; for peak angular joint excursion (measures without a true zero), the standard deviations of these measures are presented. Furthermore, the average coefficient of correspondence (ACC) was calculated to quantify the intralimb consistency between hip and knee joint excursions across multiple normalized gait cycles. 52 A value of 1.0 represents perfectly consistent coordination of hip and knee joint trajectories between step cycles, whereas a value of .0 indicates no consistency. Individuals without neurologic injury demonstrate ACC values from .94 to .97. 52, 53 Data for EMG activity collected during graded-intensity treadmill ambulation was post-processed using customdesigned software (Visual3D, Matlab, The MathWorks Inc, Natick, Massachusetts). Raw EMG signals were filtered (fourth-order recursive Butterworth filter, band-pass 30 -450 Hz, and band-stop 58 -62 Hz), rectified, and smoothed using a low-pass filter (20-Hz fourthorder recursive Butterworth filter) to create linear envelopes. The EMG data were normalized to gait cycle as a percentage from heel-strike to heel-strike and averaged over all step cycles. From these data, the average integrated area throughout the gait cycle was calculated as a measure of overall muscle activity during locomotion for comparison across different intensities during singleday testing.
Evaluation of changes in muscle timing within session and following training was performed using a variation of the Spastic Locomotor Disorder Index (SLDI). The integrated EMG area during predetermined normative periods of quiescence ("off" period) was divided by that during periods of activation ("on" periods) throughout the gait cycle of each tested muscle. 54 Values of SLDI closer to 0.0 represent appropriate muscle timing, consistent with normative data from individuals with an intact central nervous system, whereas higher values indicate abnormal muscle activation patterns during gait. 55
Statistical Analysis
All statistical analyses were performed in StatView, version 5.0.1 (SAS Institute Inc, Cary, North Carolina). The effects of short-term changes in locomotor intensity on locomotor metrics were assessed using repeated-measures analyses of variance with significance set at ␣ϭ.05. Changes in ordinal RPE scores were assessed with a Friedman test with significance also set to ␣ϭ.05. With significant findings, post hoc pair-wise comparisons were performed with a Bonferroni correction for intensitydependent comparisons (␣ϭ.017). For evaluation of training effects, gait measurements were compared between the fastest and fastest-matched treadmill speeds reached before and after training using paired t tests for kinematic metrics and a Wilcoxon signed rank test for muscle timing. Based on a previous report, 48 we anticipated that some combination of spatiotemporal and kinematic parameters would contribute to increases in peak gait speed following training. Potential correlations between changes in peak gait speed and spatiotemporal and kinematic parameters from pretraining to posttraining were assessed using Pearson correlation analyses. For pretraining to posttraining comparisons, a P value of Ͻ.05 was considered significant.
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Results
Demographic and clinical characteristics of the individuals who participated in one or both portions of the study are detailed in Table 1 . Nineteen individuals (6 female, 13 male) with chronic iSCI participated in the first portion of this study aimed at assessing the short-term effects of locomotor exercise intensity on the magnitude and variability of gait kinematics and muscle activity and timing. A subset of 9 individuals who were willing and available participated in the second portion of the study to evaluate the effects of repeated exposure to highintensity exercise. The flowchart of participants in the study is shown in eFigure 1 (available at ptjournal.apta.org).
Effects of Short-Term Manipulations in Locomotor Exercise Intensity
Graded-intensity treadmill testing indicated that participants achieved significantly higher walking speeds at low-, moderate-, and high-intensity levels (Xϭ0. Increases in speed across levels of intensity were accomplished by significant increases in stride length and cadence, with few changes in the COV of these measures across levels of intensity (Tab. 2). Specifically, only COV of stride length decreased significantly at moderate intensity, whereas changes in COV of cadence across intensity levels only approached significance.
Analysis of lower-extremity joint kinematics revealed significant increases in the total ROM of the ankle and hip joints with increasing exercise intensity, with changes in knee ROM approaching significance (Tab. 2). Single-subject data representative of these changes are presented in eFigure 2 (available at ptjournal.apta.org). Related changes in the peak angular excursions of the ankle, knee, and hip across gait speeds are presented in eTable 1 (available at ptjournal.apta.org). No differences were Locomotor Exercise Intensity With Incomplete SCI found in the COV of the total ROM of the ankle, knee, or hip joints (Tab. 2) or the standard deviations of peak joint angles (not detailed in eTab. 1). One exception was the standard deviation of peak ankle plantar flexion, which was significantly greater at high intensities compared with moderate intensities (PϽ.017). Evaluation of the hip-knee ACC (nϭ18) demonstrated a significant effect of intensity (Pϭ.007), with greater values at moderate intensities compared with low intensities ( Fig. 1A ; PϽ.01) and increases at low and high intensities that approached significance (Pϭ.06).
Changes in EMG activity were scaled with increases in exercise intensity, as all 6 tested muscles demonstrated significant increases in activity with increasing intensities (Fig. 2) . Evaluation of muscle timing using the SLDI demonstrated minimal changes across intensities, as only rectus femoris muscle activity demonstrated significant decreases (Fig. 2) , whereas all other muscles demonstrated nonsignificant changes.
Effects of High-Intensity Locomotor Training
Intensity of locomotor training was monitored by RPE during activity with a target intensity of greater than 14. Values of RPE were collected over an average of 85% (SDϭ13%) of training sessions completed across participants. The average RPE reported during these training sessions was 15 (SDϭ1), confirming that the participants reached the targeted highintensity levels. There were no dropouts during the study (all participants finished 12 weeks of high-intensity motor training), although the number of training sessions varied from 24 to 36. Participants ambulated at least 25 minutes per session, with the exception of those with unrelated illness (flu-like symptoms), which limited tolerance during training in 2 participants. Common minor adverse events during training included subjective reports of muscle soreness with concomitant increased stiffness or spasticity (nϭ3) and low back pain (nϭ1) early posttraining, which subsided.
Assessment of the effects of highintensity training on measures of gait performance revealed significant increases in peak speeds (from Xϭ0. 64 Comparisons of these measures at fastest-matched speeds from pretraining to posttraining demonstrated few changes in the magnitude and variability of locomotor parameters. For example, a significant increase was found only in magnitude of stride length and peak knee flexion angle at matched speeds (Tab. 3). There was a nonsignificant increase in the hip-knee ACC at fastestmatched speeds from pretraining to posttraining ( Fig. 1C ; Pϭ.18).
Pretraining to posttraining comparisons of muscle timing were assessed with data from 6 participants for all tested muscles, with the exception of the soleus muscle, which was assessed in 5 participants. Loss of EMG recordings occurred more often during higher walking speeds, and data from all participants could not be included in the analysis. For the timing of muscle activity throughout the gait cycle, no significant changes were found at fastest or fastest match speeds (Tab. 4).
Discussion
Contrary to our hypothesis, the primary finding of this investigation was that increases in locomotor exercise intensity did not degrade gait performance. Specifically, short-term increases in locomotor exercise intensity significantly improved spatiotemporal parameters and joint kinematics toward more normal kinematic excursions and consistency. Higher intensities of stepping also elicited significant increases in lower extremity muscle activity without aberrant changes in muscle timing (ie, higher SLDI). Repeated training at high intensities performed in a subset of participants resulted in minimal changes in gait parameters at matched speeds, but led to significant increases in peak gait speed, with associated gains in stride length and cadence, but smaller, inconsistent changes in joint kinematics and muscle timing. Assessment of hip-knee average coefficient of correspondence (ACC) values with short-term increases in locomotor exercise intensity (A) and before and after high-intensity training at fastest speeds (B) and fastest-matched speeds (C). Short-term increases in locomotor exercise intensity resulted in increases in hip-knee ACC (A). High-intensity training led to nearly significant and nonsignificant increases in hip-knee ACC at fastest speeds (B) and fastestmatched speeds (C), respectively. *PϽ.01.
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Effects of Short-Term Changes in Locomotor Intensity
Significant improvements in spatiotemporal patterns and joint excursions with increasing locomotor intensity are consistent with previous reports of kinematic changes utilized for accommodation to changes in gait speed in individuals with SCI 56 and healthy control participants. 57,58 The average peak speeds and total joint excursions achieved by these participants during treadmill walking approximated those observed in healthy older adults during comfortable walking speeds performed overground. 59, 60 Such changes were likely driven largely by changes observed in overall muscle activity (consistent with previous reports in individuals with SCI 56 and control participants 61 ).
The observations of few intensitydependent changes in the variability of gait parameters or deteriorations of muscle timing were of significant interest. In those measures where significant differences were found, decreases in variability (ie, increases in consistency) or improvements in muscle timing were observed with increasing intensity. These findings are not consistent with our initial hypothesis, based primarily on traditional theories of the relationship between exercise intensity and spastic motor behaviors during training of patients with damage to descending pathways (upper motoneuron syndromes). 35 Rather, the present results are consistent with findings in healthy control participants [62] [63] [64] and individuals poststroke, 65 demonstrating increased consistency of movement with increased gait speeds. Importantly, the data suggest that altering locomotor task demands through increasing intensity leads to a consequent increase in motor output (eg, EMG activity, joint ROM) without increasing kinematic variability or muscle timing during gait. As such, these single-session results provide preliminary support for repetitive locomotor practice at high intensities with little concern for the reinforcement of poor kinematic patterns or locomotor control strategies or the induction of maladaptive plasticity.
High-Intensity Locomotor Training
Following locomotor training at high intensities, improvements in gait speed were associated with altered spatiotemporal patterns, with greater contributions from stride length than cadence. Similarly, comparisons at fastest matched speeds at pretraining and posttraining evaluations demonstrated increases in stride length, with nonsignificant decreases in cadence. Although previous studies 56, 66 suggest that individuals with SCI have a reduced capacity to modify step cadence to accommodate to increases in gait speed, the present findings suggest that high-intensity training may result in changes in both spatial and temporal gait parameters to achieve faster walking speeds.
Figure 2.
Muscle activity and Spastic Locomotor Disorder Index (SLDI) in specific lower extremity muscles at different levels of exercise intensity. Increases in locomotor exercise intensity led to significant increases in measures of overall muscle activity (plotted in gray) in each of the tested muscles (nϭ16). Most tested muscles demonstrated a nonsignificant trend for decreased SLDI (plotted in black) with increases in exercise intensity (nϭ16). Exceptions include the rectus femoris muscle, in which the SLDI significantly decreased, and the tibialis anterior muscle, which nonsignificantly increased at higher levels of intensity. *PϽ.01. EMGϭelectromyography.
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Our results also suggest that highintensity training did not result in a worsening of poor kinematic patterns; rather, gait kinematics improved, or became more "normal" at higher intensities during single exercise bouts. This finding is supported by the trends of increasing joint excursions at fastest or fastest matched speeds. We further found that high-intensity training did not increase gait variability or impair muscle timing throughout the gait cycle. Rather, decreases in gait variability or improvements in intralimb kinematic consistency were observed with faster speeds. The combined findings support the hypothesis that high-intensity training may improve both gait quality and function in individuals with SCI.
Our findings highlight the need for this proposed link between increases in exercise intensity and impaired gait quality to be reevaluated. Understanding the interaction between exercise intensity and gait quality is of particular importance given the pervasive influence of these and similar theories on current standard clinical practice. 67 Furthermore, given the evidence for the benefit of highintensity exercise across multiple physiological (cardiovascular 19 and neuromuscular 20,21 ) domains, the present work adds to the premise that patients may benefit from the incorporation of higherintensity interventions into standard clinical care. However, significant research remains to be done through larger, controlled studies to rigorously evaluate the efficacy of high-intensity locomotor training relative to other interventions. 68 demonstrated that ambulation on a treadmill can stabilize locomotor output, with greater step-to-step variability demonstrated during overground versus treadmill ambulation. Therefore, a similar assessment of different locomotor intensities overground may reveal differences in gait variability that were not found in the present study.
Next, other reports of gait kinematics and muscle activity in individuals with neurologic injury evaluated changes in different parameters at key events in the gait cycle, such as examination of soleus muscle activity at push-off or ankle angle at heel contact. 56, 65 The data analyses performed in this study were utilized to capture a broader picture of the kinematic pattern and EMG activity throughout the gait cycle; however, this analysis may limit comparability of these results to previous reports. In addition, the SLDI was calculated using predetermined percentages of the gait cycle identified as "on" and "off" times for each muscle. 51,54 Our previous work 54 demonstrated little change in muscle activity patterns throughout the gait cycle across different speeds in healthy control participants. However, a study by Pepin et al 56 in people with SCI demonstrated that the percentage of the gait cycle spent in stance and swing is altered with increases in gait speed. This finding suggests that the use of predetermined percentages of the gait cycle to calculate the SLDI at different speeds may confound the results. The methods utilized in the present study are consistent with previous reports. 51, 54 Finally, the lack of a control group limited our ability to evaluate the efficacy of high-intensity locomotor training compared to other interventions. We were not specifically interested in the comparative efficacy of this training protocol in the current paradigm, but were rather interested in whether such training may contribute to altered locomotor control strategies in this patient population.
Clinical Relevance
This study demonstrates that locomotor exercise at high intensities elicits increased muscle activity and kinematics more similar to that of healthy controls at similar speeds. Participants exhibited no significant intensity-dependent changes in variability of movement or aberrant muscle activity during walking, suggesting there is no detriment to gait performance as previously suggested. 35 Furthermore, consistent with previous reports of positive effects of highintensity locomotor exercise in individuals with stroke, 14,15 high-intensity locomotor practice led to increases in peak gait speed, with specific improvements in the gait pattern. Importantly, higherintensity locomotor activity is driven, in large part, by the neural and muscular activity required to accomplish the task. 69 Studies performed in basic 70 and applied 71 research have demonstrated that increased neural activity leads to improved synaptic function. This finding suggests that intensity of practice may be an important factor in potentiating experience-dependent neuroplasticity. In this context, the results of this study strongly support the utility of intensity as a parameter of rehabilitation to promote functional recovery after SCI. All procedures were conducted in accordance with the Declaration of Helsinki and approved by the Northwestern University Institutional Review Board (Chicago, Illinois).
This project was a secondary analysis of data extracted from 2 larger studies (registered on ClinicalTrials.gov: NCT02560506 and NCT01538693) in which we evaluated the effects of both short-term increases in locomotor exercise intensity and high-intensity locomotor training in individuals with iSCI.
